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Implications of Global Climate Change
for Western Agriculture
R. M. Adams,  B.  A. McCarl,  D. J. Dudek, and J. D. Glyer
Global climate  change from  increases in atmospheric  carbon dioxide and other  trace
gases  is an issue of international concern.  Adverse climatic conditions are  expected to
reduce crop  yields and alter the demand for and supply of water. These potential
adjustments imply  economic costs to agriculture and its constituents. This paper
explores possible economic  implications for U.S. agriculture,  with particular reference
to the West.  Results  from a series of spatial equilibrium model analyses suggest that
climate change  is not a food security issue for the United States.  However,  regional
adjustments in agricultural production  and associated resource  use are expected.  This
implies additional  pressure in rural communities.  Environmental  quality reductions
are also  likely.
Key words: agriculture,  climate change, economic  effects.
Global  climate  change  arising  from increases
in atmospheric carbon dioxide (CO) and other
trace gases,  such as chlorofluorocarbons  (CFCs)
is an issue of international concern. While the
rate of future atmospheric CO2 increases is un-
certain,  CO2 is currently increasing at four to
five parts per million (ppm) per year (Raman-
athan). If this trend continues, as some predict,
it portends dramatic changes  in climatic con-
ditions beyond any observed in historical times.
Furthermore, some scientists contend that ac-
cumulations  to  date  imply  climatic  changes
even  if CO2 emissions  are  curtailed.  Spatial
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and  temporal variability  of climatic  patterns
are also expected to be greatly increased (Rind,
Goldberg, and Ruedy).
The  implications  of CO2-induced  climate
changes are complex, occurring on a truly glob-
al  scale  with potential  effects  on virtually all
ecosystems (Wigley, Ingram, and Farmer). One
ecosystem of particular importance  to human
welfare is agriculture. The consequences of  crop
failure  arising  from  unfavorable  climate  are
apparent,  as  exemplified  by  the  ongoing
drought-induced famine in the Sahel region of
Northern Africa.  While the large geographical
area and technological base of U.S. agriculture
make  massive  crop  failures  due  to  climate
change unlikely,  regional adjustments in crop
production and resource use may result.
The  potential  agricultural  effects  of global
climate  change  are  discussed  in  qualitative
terms in numerous studies (Decker, Jones, and
Achutuni;  Rosenzweig  1986; Callaway  et al.).
For example, Rosenzweig (1986) identified the
following  consequences  for  agricultural  pro-
ductivity: (a) changes in yield due to increased
atmospheric  CO2 concentration,  changes  in
temperature and precipitation patterns, and the
likelihood of increased pest and pathogen pop-
ulations arising from a warmer global climate;
and  (b)  adjustments  in  irrigation  water  de-
mand  and  supplies.  This second  category  of
effects is of particular importance to the west-
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ern United States.  In  combination, these fac-
tors may alter crop yields and agricultural pro-
duction patterns, which in turn imply a range
of secondary  effects,  such  as  changes  in  re-
source  usage  with attendant  effects  on input
suppliers,  environmental  quality,  and the
structure of rural communities.
Objectives
The purpose of this paper is to explore possible
economic  implications  of climate  change  for
western  irrigated  agriculture.  These implica-
tions  are drawn  from two  recent  studies that
address the economic  effects  of CO2-induced
climate  change  on  the  agricultural  sector
(Adams,  Glyer,  and  McCarl;  Dudek).  Both
studies use mathematical programming-based
models to estimate the effects of a doubling of
CO2; Adams,  Glyer, and McCarl  examine im-
plications  in  the  major  U.S.  production  re-
gions,  while  Dudek examines  such  effects  in
California.  Together,  these assessments  iden-
tify  a range  of physical  and economic  effects
that have implications for the western United
States.
A note  of caution  is in  order  before  pro-
ceeding.  The time horizon for a possible dou-
bling of atmospheric  CO2 and  its  associated
effects is uncertain, perhaps up to seventy-five
years or more. Forecasting biologic, economic,
or any other events over such a long time pe-
riod is a difficult task. Given that this analysis
is based  on both  uncertain  biologic  and eco-
nomic  forecasts,  the results  and implications
reported here should be viewed only as sugges-
tive of potential  effects  of climate  change  on
agriculture.
Background  and Data
An  economic  assessment  of  environmental
change requires input from several disciplines.
In this case, the  starting point is definition  of
likely increases  in atmospheric  CO2. Current
projections suggest that atmospheric CO2 may
double from current levels (of  about 300 ppm)
over  the next fifty to  seventy-five  years  (Ra-
manathan). This buildup is primarily the result
of past  and  present rates  of fossil  fuel  com-
bustion. According to the "greenhouse" theory
of climate  change,  such  increases  in  CO2 (a
radiatively  active gas)  and related trace gases
are expected to result in more heat trapped in
the  troposphere  (lower atmosphere).  This ad-
ditional heat in turn alters global atmospheric
and  oceanic  circulation  patterns,  triggering a
range of  climatic changes as the climate system
establishes  a new equilibrium.
The central  question  here  is what this new
equilibrium means in terms of changes in tem-
perature,  precipitation,  and  other  climatic
variables  across  agricultural  production  re-
gions.  Two sets of climate change  models are
used to provide this information: the Goddard
Institute  of  Space  Studies  (GISS)  and  the
Princeton  University Geophysical  Fluid  Dy-
namics  Laboratory  (GFDL)  global  climate
models.  Each  model  forecasts  changes  in re-
gional temperature, precipitation, evapotrans-
piration,  and  other  climate  variables  associ-
ated with changes  in CO2.
Forecasts  of expected  annual  and  seasonal
temperature  and precipitation  changes in the
United  States  from  each  model  are  summa-
rized in table 1. In addition, forecasts from an
Oregon State University climate model are also
presented.  All three models  predict  dramatic
increases in annual average temperature (of 4-
5 degrees celsius, or up to about 9° Fahrenheit)
resulting from a doubling of CO2. Annual pre-
cipitation is predicted to increase as well, but
with  greater  seasonal  variation  (Rind,  Gold-
berg,  and  Ruedy).  Such  an  increase  in  the
earth's temperature over so short a time period
would  be  unprecedented  (Ramanathan)  and
would  have  implications  for  plant  growth,
water  demand,  groundwater  recharge,  snow
pack,  streamflow,  and  other  factors  affecting
agriculture.
Table 2 presents  selected regional forecasts
of temperature, precipitation, and evaporation
for the GISS and GFDL models, expressed as
ratios relative to the 1951-80 time period. All
regions of the United States are warmer, some
slightly more so than others. A slight increase
in rainfall  is expected in most regions, but it
is not  sufficient  to  offset  expected  increased
crop  evapotranspiration.  The  GFDL  projec-
tions  present  a  more  severe  set  of climatic
changes  for agriculture,  forecasting  a warmer
and dryer climate than GISS. Both models pre-
dict that  a few  areas,  such  as the Northwest,
California,  and  northern  Rocky  Mountains,
may have more total runoff. Details  of these
hydrologic  changes  are  presented  in Adams,
Glyer,  and McCarl, and Dudek.
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Table 1.  Summary of Three Climate Model  Change Projections for 2  x  CO2: Average  of U.S.
Grid Points
Temperature  Change  Precipitation  Change
Model  Annual  Winter  Summer  Annual  Winter  Summer
(degrees celsius)  (mm/day)
Goddard  Institute for Space Studies
(GISS)  +4.32  +5.46  +3.50  +0.20  +0.13  +0.24
Geophysical Fluid Dynamics  Laboratory
(GFDL)  +5.09  +5.25  +4.95  +0.09  +0.19  -0.08
Oregon  State University
(OSU)  +2.98  +2.95  +3.10  +0.17  +0.24  +0.11
Crop Yield  Effects
The climate changes described in tables 1 and
2 are expected to lead to changes in crop yields.
The  effects  of these  climate  changes  on  irri-
gated  and dryland yields of wheat, corn,  and
soybeans  have  been  estimated  by plant  sci-
entists at Goddard NASA's Space Flight Cen-
ter Institute  for  Space  Studies,  University  of
Florida, and Michigan State University, using
the CERES  family of crop growth simulation
models  (Ritchie  and  Otter).  For cotton  and
other nonmodeled  crops,  responses from  the
model  predictions  for corn,  wheat,  and  soy-
beans were  averaged to develop  surrogate  re-
sponses.
For most crops in most places,  the simula-
tions indicate  lower yields  under the  forecast
climate  conditions,  with  the  GFDL  climate
projections  resulting  in  substantially  lower
yields  than  GISS.  Specifically,  the GISS  cli-
mate changes result in yield losses for dryland
production  of about 15%-/20%  from  1981-83
levels; for GFDL dryland yield losses approach
70% in some regions.  In general, yield reduc-
tions are greater in the more southerly latitudes
of the  United  States.  For example,  soybean
yields actually show a slight increase in more
northerly  latitudes,  such  as the  Lake  States.
Yield reductions  for irrigated  production  are
generally  much  less  than  for  dryland  crops.
This differential has important implications for
the western  United  States,  as discussed  sub-
sequently.
Additional  crop-yield  adjustment  simula-
tions  were performed which  allowed for a di-
rect yield  enhancing  CO2 effect  (increases  in
CO2 increase plant growth, ceterisparibus).  This
served to moderate or even offset the adverse
yield effects  of climatic change.  Also, none of
the yield  forecasts  reflect  changes  in genetic
engineering and other forms of biotechnology
that could  make plants  more suitable  to new
climate regions. Crop yield projections and as-
sociated  standard  deviations  for  various  lo-
cations,  along with details  of the  yield simu-
lation  procedures,  are  reported in studies  by
Rosenzweig  1988;  Peart  et  al.;  and  Ritchie,
Baer, and Chou.
Table  2.  Climatic  Characteristics of  Nine  Agricultural Regions  as Predicted  by  GISS  and
GFDL Models  Under the 2  x  CO2 Scenario
Average Annual
Temperature
Evaporation Ratio  Precipitation  Ratio  Increase, °C
GISS  GFDL  GISS  GFDL  GISS  GFDL
Northwest  1.166  1.099  1.23  1.027  4.4  4.5
California  1.069  0.970  1.062  1.018  4.9  4.9
Northern Mountains  1.151  1.097  1.18  1.017  4.8  5.5
Southern  Mountains  1.062  1.031  1.05  0.986  4.9  5.1
Northern Plains  1.085  0.989  1.07  0.966  4.7  5.9
Southern Plains  0.985  1.018  0.922  0.997  4.4  4.5
Delta  1.024  1.016  1.024  1.003  5.3  4.4
Southeast  1.084  0.927  1.105  0.922  3.5  4.9
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Hydrologic  Effects
In addition to altering crop yields,  changes in
temperature  and precipitation  will affect crop
water  requirements  and  water  supply.  Fore-
casts  of crop  water  requirements  and  avail-
ability are thus an important aspect of  the anal-
yses  reported  here.  These  forecasts  are
developed using regional total precipitation and
evaporation  estimates  from  the  GISS  and
GFDL models.
Development  of  such  water  demand  and
supply forecasts  from the climate  models  re-
quires  numerous  assumptions.  For  example,
the  climate  models  have differing  degrees  of
spatial resolution (12 grid points for GISS,  19
for GFDL for the U.S.). For most regions, there
are only one or two grid boxes with which to
predict regional climate changes. It is assumed
that the climatic values as estimated for these
few grid points adequately represent the region
in which they fall.  For each  grid point, both
baseline and 2  x  CO2 values  for each climate
variable (e.g., temperature) are estimated.  The
ratio of the 2  x  CO2 estimate to baseline then
provides an indication  of the percent  change
in  that  particular  variable.  Mappings  of the
GISS and GFDL grid points and other details
are provided  in Adams, Glyer, and McCarl.
Regional crop water requirement changes are
estimated  based  on evaporation  and precipi-
tation changes forecast by the climate  models.
Specifically,  the  ratio  of percent  changes  in
evaporation and rainfall were calculated by re-
gion  to arrive  at a net change  in crop  water
requirements.  Thus, if evaporation is forecast
to increase more than local rainfall, crop water
requirements (evapotranspiration  less rainfall)
are expected  to  increase.  The data  on which
the  regional  calculations  are  based are  sum-
marized  in  table  2.  These  changes  in water
requirements then alter the demand for water
in the economic  models.  Specifically,  in the
national  assessment,  cropping  patterns,  crop
acreages,  and  crop  water  requirements  were
the primary determinants of  regional irrigation
demand.  Alternative  irrigation  management
systems  were added in the California model.
Forecasts  of available  irrigation  water
(ground and surface) also reflect the interaction
of evaporation  and rainfall.  If changes  in ex-
pected rainfall are greater than long-term mean
evaporation,  some  "surplus"  should  result,
with  increased  runoff and  hence greater  irri-
gation water supplies. The ratio of net change
in potential  run-off was  used in the national
assessment to adjust baseline water availabil-
ity levels for each irrigated region. For surface
water, it is assumed that irrigation is a "senior"
(and over-subscribed)  water  right within  the
applicable water doctrine for each state. There-
fore,  any increases in streamflow will be allo-
cated  to  irrigation.  Also,  in  the  national  as-
sessment  it  was  assumed  that  reservoir
management  will  adjust to new climatic and
streamflow regimes,  thus storing water earlier
in the winter runoff period.
In the California case  study,  more detailed
hydrologic analyses for the Central Valley were
developed.  Rainfall-runoff  simulations  using
the  1951-80  historic  variability  were  con-
ducted  using  the  GISS  and  GFDL  climate
model forecasts  (Lettenmaier). These simulat-
ed flows were then translated into surface water
deliveries to project service areas using a tem-
poral routing model of the joint operations of
the federal  Central  Valley Project (CVP)  and
the State Water Project (SWP) (Sheer and Ran-
dall).  In California,  changes  in the  operating
rules for reservoirs did not mitigate the effects
of a shift in precipitation from snow to rain as
a  result of temperature  increases.  Snowmelt
storage was lost and increased winter flows were
released in order to maintain flood control ca-
pacity.
Economic  Modeling  Procedures
The exogenously estimated regional yield and
water  resource  changes  associated  with  each
climate  model  are  introduced  into  the  eco-
nomic models through modifications in (a) re-
gional  crop  yields,  (b) crop  water  use  coeffi-
cients, and (c) regional water supply levels. The
subsequent  model  runs  then  translate  the
physical  and biological  effects  into  economic
consequences, including shifts in regional mar-
ket  shares  (i.e.,  comparative  advantage),
changes in producers'  returns, changes in con-
sumers'  well-being,  and  other  economic  as-
pects.
The economic model used to capture these
effects  across  U.S.  production  regions  repre-
sents  production  and consumption  of thirty-
six crop  and livestock commodities  (Adams,
Hamilton, and  McCarl).  The production  and
consumption sectors  are assumed to be made
up of a large  number  of individuals,  each  of
whom  operates  under  competitive  market
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conditions.  Producer-level  behavior  is  cap-
tured in technical coefficients that portray the
physical  and economic  environment  in each
of the  sixty-three  production  regions  in the
model,  encompassing  the forty-eight  contig-
uous states. These regions are then aggregated
to  ten  macro-regions  defined  by  USDA.  Of
importance  here  is the inclusion of both irri-
gated  and  nonirrigated  crop  production  and
water supply relationships for each region. Both
surface and groundwater are modeled; per unit
costs  of surface water  are  fixed,  but ground-
water supplies are available at increasing costs.
Resource  availability,  including  surface  irri-
gation  water,  is defined  at  the regional  level.
Farm-level  supply  responses  generated  from
the  sixty-three regions  are  linked to national
demand through the objective function which
features  demand  relationships  for  various
market outlets for the included commodities.
This leads  to  a model  which  maximizes  the
area  under  the  demand  curves  less  the  area
under the supply curves (sum of ordinary con-
sumers'  and producers'  surplus)  or net social
benefit.  Both domestic  and foreign  consump-
tion (exports) are considered. The assumptions
and  analytics  of the  model  are  discussed  in
more detail in Adams, Hamilton, and McCarl;
and McCarl and Spreen. The model simulates
a long-run,  perfectly competitive  equilibrium
as  reflected  in  1981-83  economic  and  envi-
ronmental parameters.
For  the  California  case  study,  a  separate
mathematical  programming  model (The  Cal-
ifornia  Agricultural  Resources  Model,  or
CARM) of similar conceptual design was em-
ployed.  Production possibilities  were  defined
by seven homogenous production regions with
sixteen principal crop commodities and seven
alternative  irrigation  systems.  Demand  rela-
tionships represented in the model specifically
account  for  California's  participation  in  na-
tional and international markets. CARM is de-
scribed in detail  in Adams,  King,  and  John-
ston; Howitt and Mean; and Dudek.
Results
The two climate  models  give rise  to two dis-
tinct  sets  of crop  yield  and  hydrologic  as-
sumptions.  In addition, assumptions concern-
ing  future  technology,  the  effects  of CO2 on
crop  yields,  demand,  and other uncertainties
were  also analyzed.  As a result,  a number  of
solutions  were  generated  with  the economic
models.  Each  change  in  crop  yields,  water
availability  and other  assumptions  gives rise
to changes  in  economic  measures  (e.g.,  eco-
nomic  surplus,  land  use,  irrigated  acreage,
water,  and  other  inputs)  compared  with  the
baseline  case for  each  economic  model.  The
direction and magnitude of  these changes across
the economic  models  indicates  the  potential
importance of adjustments in response to un-
derlying climate change.
The diverse set of assumptions explored in
these  analyses (different  climate models,  dif-
ferent  crop  and  water  assumptions,  different
technology  and  demand  assumptions)  pro-
vides a set of results that can tell many stories.
This  section  interprets those  results  with  re-
spect to common themes or implications.  For
perspective,  we start with some  general find-
ings concerning national level effects. We then
focus on regional  effects and specific water re-
sources  implications  for the western  United
States. We conclude with implications for oth-
er resources  and future research  needs.
Aggregate Economic Effects
Not  surprisingly,  estimates  of the  economic
consequences  of climate change  are sensitive
to the climate model  projections.  This can be
seen in table 3, where annual aggregate  losses
in social welfare (in the absence of technology
or CO2-yield-enhancing  effects) range from $6
billion  (1982  dollars)  for  the  GISS  climate
forecasts  to  over  $33  billion  for the  GFDL
model. These estimates are from about 5% to
28% of the  1982 value  of U.S. crop and live-
stock commodities.  On a per capita basis, the
domestic economic  surplus  losses are $6  and
$65  per U.S. citizen for the GISS and GFDL
models, respectively.  The larger GFDL-based
losses are driven by potential declines in pro-
duction of some crops of up to  50%. For Cal-
ifornia  alone,  climate  change  impacts  for
GFDL total roughly $2 billion  (1985  dollars).
These economic surplus  estimates  can also
be compared  to economic  effects of other en-
vironmental  stresses.  For  example,  the  eco-
nomic consequences of tropospheric  ozone on
U.S. agriculture  are estimated to be about $2
to $3  billion per year in 1982 dollars (Adams,
Hamilton,  and McCarl).  Similarly,  estimated
effects of a  15% depletion in the  stratospheric
ozone  column are about $2.5  billion in 1982
dollars. Thus, the effects  of a doubling of CO2
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imply economic  costs two to ten times greater
than other environmental stresses that are cur-
rently subject to some forms of regulation.
While economic  surplus  estimates provide
a means of comparing  climate change  effects
with other agricultural adjustments,  a less ab-
stract policy concern is whether climate change
is a food security  issue for the United States.
The results of these analyses, even in the most
extreme  case, indicate that the productive ca-
pacity of U.S.  agriculture will not be reduced
to a level that implies major disruptions to the
supply of the modeled commodities. U.S. con-
sumers face slightly to moderately higher prices
under most analyses, but supplies are adequate
to  meet  current  and  projected  domestic  de-
mand. Exports, however, experience major re-
ductions,  given the excess  demand character-
istics  of export  markets.  Almost half of the
consumers'  surplus losses from climate change
in the  U.S.  fall  on  foreign  consumers.  How-
ever,  because  the  analyses  do  not  include
changes  in production in the rest of the world
due to climate changes,  effects on the U.S. bal-
ance of trade are uncertain. While the full wel-
fare  effect  of U.S.  export  reductions  is  un-
known, those most likely to be affected are the
currently  stressed  countries  of the  semiarid
tropics,  largely in Africa (Mabbutt).
Technology or other assumptions can easily
alter these economic  estimates. For example,
with moderate technological change, or a yield-
enhancing  effect  of CO2,  the productive  ca-
pacity of U.S. agriculture will likely be greater
in  seventy-five  years  than  today,  even  with
climate change. This is seen in table 3, where
under the more modest GISS climate changes,
technology  and/or  CO2 direct  effects  appear
capable of partially or totally offsetting adverse
climatic effects.  For a GFDL-type of climate
change, the picture is not so comforting. While
technology can potentially offset some of these
larger GFDL losses, continued and substantial
improvements in yields are required. It should
also be noted that the adverse effects of climate
change still impose an economic cost in terms
of  loss of potential productivity (in the absence
of climate change).
Effects  on Regional Production and
Irrigated  Acreage
For the United States as a whole, both climate
model forecasts lead to a slight reduction in a
total cropped acreage (2% to 3%  in the national
Table 3.  Aggregate  Economic  Effects  of Cli-







GISS,  with technological  changea  -2.133
GFDL, with technological change
a -20.814
GISS,  with technological change
and  increased  demandb  -6.785
GFDL, with technological change
and increased demandb  -44.588
GISS, with direct effects  of CO2
c +10.646
GFDL, with  direct effects  of CO2
c -9.683
a  Technological change  reflects increases in specific crop  yields to
2060 equal  to the  annual  rate  observed  over  the  1955-87  time
period for those crops.
bIncreases in demand  based  on forecast  increases in population
in the U.S. (42%) and in the world population  (114%) to the year
2060.
c  Direct effects  of CO2 include the potential  yield-enhancing  effect
of CO2 on crops,  combined with the adverse climate effects.
assessment). The aggregate numbers, however,
mask  some  potentially  large  regional  adjust-
ments. For example,  all analyses show a north
or northwest shift in production of major com-
modities  such  as wheat,  corn,  and  soybeans.
This has implications for regional economies,
with  likely increased input demands  in areas
of expanded crop acreage, such as the Northern
Plains and corresponding reductions in regions
experiencing  acreage  declines,  such  as  the
Southwest  and  Appalachia.  For  many  rural
communities,  this may further weaken an eco-
nomic base already under pressure from long-
term structural  changes underway in U.S. ag-
riculture.
A  related  finding  concerns  changes  in  the
pattern  and  magnitude  of irrigated  acreage.
Changes in precipitation and temperatures un-
der doubled CO2 tend to favor irrigated  crop
production relative  to dryland activities  (Ro-
senzweig 1988). Also, rising commodity prices
from reductions in total output of most crops
enhance the feasibility of irrigation activities,
particularly those associated with groundwater
use. As a result, irrigated crop acreage increases
in most regions. In the aggregate, the increases
vary  from  5  million  (GISS)  to  18  million
(GFDL) acres.  Even  allowing for technology
changes  and the potential yield-enhancing  ef-
fects of CO2, increases of  at least 2 million acres
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are observed under the doubled CO2 environ-
ment.  Major increases in irrigated acreage  oc-
cur in the Northwest and Northern  Plains.
If such shifts occur, the western United States
appears  headed  for a larger  market  share  of
some commodities. However, even within the
seventeen western states, some states lose mar-
ket  share because of adverse climate changes.
The Southwest (Arizona, New Mexico, Texas)
appears to be the biggest loser. While there will
be a slight expansion in irrigated acreage, total
cropped  acreage  declines  sharply  due to  ex-
treme heat and reduced  water supplies.  Con-
versely, the Northwest and northern Rockies
will  gain  in  total  acreage,  with  modest  in-
creases in California.
Environmental Quality Effects
Shifts in crop production and expansion in ir-
rigated acreage  imply demands or pressure on
environmental  and natural resources,  includ-
ing water quantity and quality, wetlands, soil,
fish and wildlife,  and other resources.  For ex-
ample, a northward shift in corn and soybean
production  (through the Dakotas to southern
Canada)  may  exacerbate  the  loss  of critical
prairie wetlands by making drainage and con-
version to crop production more profitable.  A
westward  shift increases  wind and water ero-
sion of fragile  soils.  The  substantial  (2 to  18
million acres) increase in irrigated acreage sug-
gested in  all analyses enhances the likelihood
of ground  and  surface  water  pollution.  Ob-
taining water  to  facilitate  increased  irrigated
acreage  also  implies  more  and  larger  reser-
voirs,  which  in turn  implies  greater pressure
to develop remaining wild or scenic rivers. In-
creased  competition  for  remaining  stream-
flows thus seems likely.
Streamflow patterns are expected to change
as  a  result  of the  diminished  importance  of
snowmelt. As a result, water temperatures are
likely to rise. This implies that important cold
water species, such as trout, salmon, and steel-
head, will be displaced by warm water species.
Reservoir  fisheries will replace  stream fisher-
ies.  Forest ecosystems will change, with some
coniferous  forest  species,  such  as  Ponderosa
Pine and Douglas fir, being displaced. Wildlife
populations will be reduced because of habitat
losses and  more extreme  weather variability.
These  effects  suggest  a far reduced  set of rec-
reational/environmental  assets for future gen-
erations.  How  these  changes  will  affect  their
welfare  is  a  potentially  important  research
question for resource  economists.
Overall,  both climate models imply adjust-
ments within  agriculture,  with GFDL  imply-
ing some major adjustment problems,  partic-
ularly for consumers and specific regions, with
associated  effects  on  environmental  quality.
The  direction  (signs)  on  these  economic
changes  are generally consistent with qualita-
tive expectations.  In addition, however,  there
are more specific implications for western ag-
riculture  and  resource  use  that  can  also  be
gleaned  from  the  economic  analyses  per-
formed here. These are discussed below.
Water Resource Issues: Changing Institutions
Versus Engineering  Solutions
As the climate  assumptions  under which  ex-
isting water resource projects were constructed
fail to be realized, water resource managers will
be forced to consider mitigation measures. The
increased  spatial  and temporal  variability  in
rainfall and reductions in snowpack predicted
by  the  climate  models,  coupled  with  rising
commodity  prices,  will increase  pressure  for
construction  of new dams for both flood con-
trol and irrigation water storage.  While some
will urge  such engineering  solutions,  political
resistance  to  new  water  resource  projects  is
likely to remain high. If so, nonstructural mea-
sures,  such  as water  marketing,  will  become
increasingly important.
The California study investigated  the effec-
tiveness  of voluntary  water transfers  in  alle-
viating the effects of reduced surface water de-
liveries.  If all publicly provided surface water
supplies were  sold  to the highest bidder,  the
economic damage to California agriculture and
consumers from climate changes would be re-
duced by approximately  10%. More critically,
water  marketing  facilitates  regional  adjust-
ments  to  differential  productivity  and  water
supply impacts.  As the numbers suggest, how-
ever, it is not a panacea.  In fact, the San Joa-
quin Valley, predicted to be disadvantaged by
crop productivity impacts from climate change,
increasingly depends on groundwater. Current
overdraft  and groundwater  quality  problems
in the region highlight both the uncertainties
and importance of groundwater in dealing with
climate change.
A related  implication  of the climate model
hydrology forecasts arises from the possibility
that  streamflows  from  the  northern  Rockies
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may increase at the same time that Southwest
streamflows  decline.  This suggests that major
river systems that cross state lines, such as the
Colorado  and  Missouri,  will  be  under  in-
creased pressure for reallocation between states
of origin (e.g., Wyoming, Colorado, and Mon-
tana) and downstream users. A large unknown
involves  the  effect  of climate  change  on the
urban  municipal  and  industrial  demand  for
water within  regions.  Forecasts  of less  water
available in the Southwest may well  cause in-
creased  competition  between  regions  as  well
as  increased  diversions  of water  from  irriga-
tion to nonagricultural  uses.  Existing regional
compacts  and other institutions may not ad-
equately  cover changes  in the origin of water
within a region.
It should be  stressed that  much  of the  ex-
pansion  in  the  western  United  States  comes
from increased use of groundwater, motivated
by higher commodity prices. However, the hy-
drology of groundwater transport is complex.
Even with increased runoff in some areas,  the
slow rate of groundwater  recharge implies that
overdrafting  will  continue or even  accelerate
in many  western  regions.  The  long-term  fea-
sibility of groundwater  pumping  will depend
on  changes  in  pumping  lifts,  energy  costs,
pumping efficiencies,  and so forth.
Other Resource Issues
Climate change will impose some indirect ef-
fects  on agriculture,  particularly  in terms  of
input  costs.  Perhaps  the  most  important  of
these will be energy costs. For example, as the
adverse  consequences  of climate  change  be-
come a reality, control measures on fossil fuel
combustion are likely. Current technology for
CO2 emissions reductions  on fossil fuel com-
bustion is costly. Construction of nuclear pow-
er plants is also costly. As a result, real per unit
costs of electricity will rise.  This implies that
the feasibility of expanded or even current ir-
rigation will be dependent on increases in real
commodity  prices  sufficient  to  offset  energy
cost increases.
Agriculture  itself  generates  various  green-
house gases. Methane  from flooded  rice fields
and livestock, nitrous oxide from fertilizer use,
carbon dioxide from fossil fuel use, and CFCs
used in food processing are all greenhouse gas-
es.  Policy measures to reduce CFC use are al-
ready  in  place.  Control  measures  for  other
greenhouse gases would likely include agricul-
tural  sources.  Given our past history of envi-
ronmental regulation, such controls could gen-
erate additional financial stress for farm firms
and exaggerate  spatial adjustments.  Addition-
ally, controls on fertilizer would occur exactly
when productivity increasing inputs would be
in high demand.
Finally,  agriculture  may  also  be  asked  to
contribute to solving the problem.  Some  sci-
entists have proposed expanded forest regions
as a method of removing carbon dioxide from
the atmosphere (Woodwell). The potential for
an  expanded Conservation  Reserve  Program
to manage climate changes  deserves analysis.
Conclusions
The analyses summarized in this paper suggest
that rapid  changes in climate caused  by CO2
and  other  atmospheric  trace  gases  have  the
potential  to change  the structure  of U.S.  ag-
riculture,  particularly  at  the  regional  level.
While some of the implications of this change
are  as speculative  as the  underlying assump-
tions,  most seem plausible if one  accepts  the
general validity of  the climate change forecasts
and the inevitability of further increases in at-
mospheric CO2. At present, there is little evi-
dence to contradict the CO2 and climate change
trends used here.
In  summary,  a  couple  of points  seem  im-
portant.  First,  economic  processes  have  the
potential to  mitigate  for the  direct effects  of
climate change on agricultural production and
consumption.  In  fact,  such potential  adjust-
ments are likely understated in the economic
models used here, given the long time horizons
involved. While the adequacy of food and fiber
production may not be an issue, it seems prob-
able  that  the  conflict  between  those  adjust-
ments that  fill the  stomach  and  those which
nurture the human psyche will intensify. Thus,
a more rapid loss of environmental and other
nonmarket assets  and consumption  opportu-
nities  seems likely under the climate  projec-
tions. This implies that future generations will
be the real losers.  Second,  most of the impli-
cations drawn here do not open vast new areas
for economic research.  Rather,  they suggest a
continuation  (and perhaps  renewal)  of much
of the resources-oriented  research  performed
by agricultural economists over the last several
decades.  The challenge will be to provide bet-
ter information  to  meet  these  new  resource
Adams et al.Western Journal  of Agricultural  Economics
allocation problems;  the costs of being wrong
will be  much greater  under the harsher  envi-
ronmental conditions  portrayed here.
[Received July 1988; final revision
received September 1988.]
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